ABSTRACT
INTRODUCTION
Nucleic acid arrays are powerful tools used to compare differential gene expression of genetic or physiologically different cell types (2, 4, 5, 6, 8) . Northern analysis, ribonuclease protection assay or coupled reverse transcription (RT) and subsequent PCR focus on the expression analysis of one or more genes. With the more recent developments of nucleic acid arrays (11, 12) and high-density oligonucleotide arrays (3, 10) , the simultaneous evaluation of the expression of several hundreds to thousands of genes became reality. Nucleic acid arrays consist of different cDNAs spotted onto array membranes. Radioactive cDNA generated from mRNA is hybridized onto the membrane and subsequently visualized by X-ray film exposition (9) .
To identify new genes relevant for DNA repair, cell cycle disturbances and carcinogenesis, a comparison of gene expression of normal lung and Fanconi anemia fibroblasts was performed (13) by applying the promising technology of multiple cDNA arrays. However, because of unspecific hybridization background combined with lack of sensitivity on wellexpressed non-housekeeping or low-abundance genes using the radioactive 32 P cDNA labeling technique, we applied and optimized successfully a nonradioactive hybridization technique based on direct mRNA labeling and luminescence analysis.
MATERIALS AND METHODS

RNA Isolation
Normal diploid human lung fibroblasts were cultured to subconfluency in MEM medium supplemented with 10% fetal calf serum (13) . To increase the purity of the mRNA, two different extraction steps were applied sequentially. The cell samples were lysed under denaturing conditions with isothiocyanate and β -mercaptoethanol, and total RNA was then isolated using a silica gel-based membrane for RNA binding (QIAGEN, Valencia, CA, USA). Total RNA was hybridized to biotin-labeled oligo(dT) 20 probes, and mRNA was isolated using streptavidin-coupled magnetic beads (Roche Molecular Biochemicals, Mannheim, Germany) followed by a purifica -tion step with phenol/chloroform and ethanol (1) . Aliquots of identical samples were stored at -80°C and used in parallel for nonradioactive and radioactive probe labeling.
Direct Labeling of mRNA
For non-radioactive mRNA labeling, we used a novel cisplatin-coupled digoxigenin (DIG) compound (DIG-ChemLink; Roche Molecular Biochemicals). This compound consists of a DIG moiety, which is bound by an aliphatic linker to a cisplatin complex. Two of the four binding sites of the cisplatin complex consist of a diaminoethane ligand. The third binding site is covalently bound to the linker/DIG molecule, and the fourth binding site is a cleavable nitrate ligand. Incubation in an aqueous solution with nucleic acid templates (DNA or RNA) cleaves the nitrate and a complex is formed between the cisplatin and the N 7 position of G and A bases. The coordinative complex is stable and resistant to nucleic acid denaturation. This cisplatin-DIG compound (2 µ L) was incubated at 85°C for 30 min with different amounts of mRNA (0.7-2.0 µ g), and the reaction was terminated by the addition of a stop solution (7, 14) . For the radioactive detection of the DNA-DNA hybrids, we performed the RT step of the mRNA and subsequent 32 P labeling with a specific probe activity of 5-10×10 6 cpm according to the manufacturer's guidelines (CLONTECH Laboratories, Palo Alto, CA, USA).
Hybridization and Detection
We compared nonradioactive and radioactive detection methods of gene expression in fibroblasts with the Atlas ™hu -man cDNA expression array technology (CLONTECH Laboratories). To suppress unspecific hybridization, we performed a prehybridization step of the arrays for 1 h at 50°C using a formamide-free hybridization solution containing fish sperm DNA (Roche Molecular Biochemicals). We performed hybridization overnight at 50°C in roller flasks using 8 mL of hybridization solution DIG Easy Hyb supplemented with 5 µ g of COT-1 DNA (both from Roche Molecular Biochemicals) and 0.7-1.4 µ g of mRNA probe, both denatured for 5 min at 95°C. Because RNA-DNA hybrids are less stable than RNA-RNA hybrids, the stringency washes were performed at 50°C, and DIG detection was performed according to the manufacturer's instructions. The radioactive labels on the cDNA membrane arrays were visualized on X-ray film (Eastman Kodak, Rochester, NY, USA; 7 days exposure). The chemiluminescence signals generated by CDP-Star ™substrate con-version were detected by a chemiluminescence detection film (5-30 min exposure) and scanned with the Lumi-Imager ™ (both from Roche Molecular Biochemicals). The exposition times for both recording systems were chosen to obtain identical spot intensities for the genomic controls and housekeeping genes. From both film types, Tagged Image File Format (TIFF), files were generated, and the spot intensities were analyzed and evaluated by line scan profiling after nearest neighbor background subtraction using the Model 570 Quantimet ® Image Analysis System (Leica, Bensheim, Germany). Figure 1 shows the direct comparison of selected Atlas cDNA array quadrants using nonradioactive labeling of mRNA with the cisplatin-DIG derivative (DIG-ChemLink; Figure 1 , left row) and radioactive labeling of reverse transcription (RT)-DNA with 32 P (right row). The similarity of the dot pattern is striking, and the bars mark major identities. Within these three quadrants, the gene expression of 37 genes could be detected visually with the radioactive labeling technique as well as with the DIG-ChemLink technology ( Figure  1 , all bars, left and right rows). The right row of Table 1 summarizes a selected number of well-defined genes. Besides the slightly improved signal-to-noise ratio using the cisplatindigoxigenin labeling technique, we identified significant differences in signal intensity for a variety of genes using the DIG-ChemLink technology compared to the RT-DNA 32 P technique. On one hand, on the DIG-ChemLink mRNA arrays, the genes marked by the bars 1, 2, 7, 8, 10, 13 and 16, for example, display a significant increased spot intensity compared to their 32 P RT-DNA counterparts. On the other hand, on the 32 P RT-DNA arrays, the genes marked by the bars 3, 9, 14, 17 and 18, for example, exhibit a manifold higher spot intensity (see Figure 1 , bar labels in right row).
RESULTS
This slightly increased signal-to-noise ratio using the DIG- (Table 1) . Unnumbered bars indicate genes that enhance the similarity pattern of both arrays. Boxes 1-18 indicate expressed genes detected only by the nonradioactive DIG-ChemLink technique ( Table 1 ). The white boxes display genes with significantly increased spot intensity or that are detected only by the radioactive labeling technique. The black and white arrows indicate twin spot rows used for image intensity profile analysis as shown in Figure 2 .
ChemLink technique cannot account solely for the increased detection sensitivity of gene expression. Numerous housekeeping and low abundant genes expressed in human diploid lung fibroblasts were detected using only the nonradioactive technique and not the 32 P RT-DNA procedure. These twin spots are marked by black boxes in the left row of Figure 1 (see also Table 1 , left row). Within these rows are relevant housekeeping genes like SOD1 or ATP-dependent DNA-helicase II in the exponential growing fibroblast cell culture, or genes like the growth factors TGF β -1 or the IL-8 family member rantes. So far, only two genes have been identified that have spot intensities significantly higher using the 32 P labeling technique: thymosin beta-10 and VEGF-related-protein ( Figure 1 , right row, white boxes 1 and 2).
To evaluate the performance of the nonradioactive and radioactive labeling and detection methods independent of the gene expression, the grey values of the genomic DNA twin spots of the Atlas cDNA arrays were quantitated by image analysis. The grey value of hybridized genomic twin spots with the radioactive 32 P labeling technique was 94.3 ± 5.6 in comparison with 134.4 ± 21.8 with the cisplatin-DIG labeling technique. These results are not indicative of a major difference of the detection sensitivity. However, the nonradioactive DIG-ChemLink technique is consistently superior to the 32 P labeling technology in its signal-to-noise ratio. Figure 2 shows that the peak profiles from image line scans correspond to the expected expression pattern in fibroblasts. Using our technology for analysis and data evaluation of gene expression in fibroblasts, a peak grey value of 10 or more spots must be considered as biologically relevant expression. This becomes evident, for example, by the detection of low-level expression of the p53 and CD40L as well as the mdm 2 in human lung fibroblasts when applying the nonradioactive cisplatin-DIG method (Figure 2 , panels A and B, twin spots a; Table 1 ). The expression of these genes could not be detected by the conventional RT-DNA 32 P labeling technique as evident from Table 1 .
DISCUSSION
In this report, we describe for the first time a novel technique for direct, nonradioactive labeling of mRNA (7) and its application for cDNA array hybridization. The optimized method takes advantage of a cisplatin-DIG derivative for direct mRNA labeling and subsequent hybridization onto cDNA expression arrays. Significant technical advantages are the avoidance of radioactivity and faster signal readout within a few minutes because of luminescence technology. In addition, the DIG-ChemLink technique labels mRNA down to a sensitivity of 0.1 pg per spot (data not shown) and shows slightly improved sensitivity of detecting hybridized spots compared to 32 P labeling. One explanation for this finding could be the increased stability of RNA/DNA over DNA/DNA hybrids. However, the purity of the mRNA is the major bottleneck for obtaining optimal and reproducible 1066BioTechniques
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hybridization signals for the DIG-ChemLink and the 32 P labeling technique. A decreased purity of mRNA might result in low coupling efficiency and increasing background, which leads to insufficient signal-to-noise ratios. For a series of genes, we also identified significantly different spot intensities on the cDNA expression arrays when comparing the nonradioactive mRNA and the radioactive RT-DNA labeling and hybridization technique. Two effects could account for this finding. First, the RT step necessary for 32 P labeling of cDNA might introduce a significant bias of the spot intensities. There is an individual, optimal temperature for the RT-PCR step of mRNA species. However, the cDNA for array hybridization is generated at a single temperature. Second, the bp composition of the mRNA might alter the labeling efficiency with the DIG-ChemLink compound.
We suggest that the artificial RT step used for the generation of the radioactive labeled probe might be the major cause of the deviation of the expression pattern observed on several genes (Figure 1 ). This is supported by the fact that the majority of the genes were not detected by the 32 P labeling technique using the RT step (Table 1 ). In addition, we do not expect the variation of the A/G content of mRNAs to be different enough to explain a decrease of a factor of 2-4 in labeling intensity as shown in Figure 1 . The quantitative aberrations observed might potentially limit the interpretation of the biological relevance of spot quantification and deserves further evaluation.
In summary, we have shown the usefulness of the novel nonradioactive DIG-ChemLink mRNA labeling technique. However, because of the direct mRNA hybridization without any preceding RT amplification step, larger quantities of mRNA are necessary, which potentially limits the application at present to the field of in vitro cell models or larger tumor pieces. Besides the identification of the novel gene functions in our cell model using the nonradioactive mRNA labeling cDNA array technology (13) , further studies are in progress in parallel to identify the biochemical parameters relevant for the bias of the detection of gene expression.
